Viral RNA represents a pattern molecule that can be recognized by RNA sensors in innate immunity. Human and mouse possess cytoplasmic DNA/RNA sensors to detect viral replication.
Introduction
Cytoplasmic pattern recognition is a common system for detection of microbial invasion and proliferation. Viral DNA/RNA usually possess unique structural symbols that can be recognized by pattern-recognition receptors (PRRs). There are a number of DEAD box helicases in the cytoplasm of human and mouse cells (1) . They are categorized into several groups, which contain Dicer, eIF4A and PRRs (2) The main function of the DDX/DHX proteins is reported to modulate the potential of type I IFN-inducing capacity of each cell type (5, 6) . Their physiological functions have been elucidated with gene-disrupted mice in models of viral infections (1, 5) . They appear to contribute to the fine-tuning of IFN-signaling in response to viral products. In birds, RIG-I, the gene name Ddx58, exists in duck but not in chicken, which leads to severe susceptibility of chicken to influenza virus (7, 8) . Chicken and duck possess MDA5 ortholog (the gene name Ifih1) and LGP2 (Dhx58) of mammals, but the catalog of DExD/H helicases in chicken has not been published yet (7, 8) .
It has been reported that chicken is more fragile to viruses and neoplasm due to high-inbred clonality than duck, which is rather wild (9) . Comparative studies on the PRRs in the chicken and duck suggested that chicken is congenital deficient in RIG-I, which reasons the vulnerability of chicken to influenza (7) . However, what is the genetic difference between mammals and birds in other sensors that detect viral nucleic acids also remains unexplored.
Here we performed the genetic analysis and phylogenetic characterization of the DEAD box helicases that possibly link to type I IFN induction in the chicken.
Materials and methods

Data mining
Amino acid (a.a) sequences of chicken DEAD box helicases and other nucleic acid sensors were identified from the GenBank database. Putative duck counterparts were obtained in the Ensambl database with reference to the chicken proteins. Homologies between chicken and human proteins were examined by an National Center for Biotechnology Information (NCBI) BLAST search. Each domain of chicken DDX/DHX was compared with that of humans using BLASTP analysis. (10) . The obtained sequences were reciprocally searched against the other genomes to further verify their identity. Orthologous comparisons of the amino acids sequence of the chicken and human proteins were done within the Ensembl genome browser using the GeneView and MultiContigView options. In other experiments, DHX9 keyword search was performed with NCBI protein database (http://www.ncbi.nlm.nih.gov/mapview/), where the databases from 52 species of birds are registered so far. The results were in part reflected in Supplemental Table 1 and Supplemental Table 2 .
Domain analysis
Domain structures were predicted using the SMART program (11) . %Homology was obtained with amino acid sequence of DExD/H box domain (DEXDc) and helicase conserved C-terminal domain (HELICc) in chicken DDX proteins. Although the SMART program predicted other domains than the DEXDc and HELICc in some DDX/DHX proteins, we focused on the DEXDc and HELICc domains in the DDX/DHX proteins herein nominated as RNA sensors (Table 1) .
Phylogenetic analysis
The phylogenetic tree was constructed using the neighbor-joining method (12) using Genetyx Mac ver 15. The topological stability of the neighbour-joining trees was evaluated by 1,000 bootstrap replications. The DEXDc acid sequences were used in phylogenetic tree analysis. In detail, multiple protein sequence alignments were performed using the ClustalW programme (version 1.83) (13). Kimura's correction was used for constructing the tree.
Gene synteny analysis surrounding DHX9
Gene loci around DHX9 were mapped using NCBI Map viewer. The DHX9 locus was identified in human and mouse by Annotation Release 107 statistics and Annotation Release 105, respectively. The gene set was searched by Annotation Release 102 in chicken.
Results
Identification of the DDX/DHX genes in chicken and duck
Extensive BLAST analysis of the chicken genome or expressed sequence tag databases with reference to known DDX/DHX protein sequences in human and mouse identified putative full length DDX protein homologues in chicken (Supplemental Table 1 ). The genes of the known DDX family proteins that serve as cytoplasmic DNA/RNA sensors in mammals were conserved in the chicken. DDX/DHX proteins associated with IFN-inducible DNA/RNA sensing are shown in Table 1 , designated as DDX1, DDX3, DHX9, DDX21, DHX36, DDX41,
IFIH1 (MDA5), DDX60, DDX58 (RIG-I) and LGP2 (DHX58). Similar results were obtained
with the duck database of Ensamble, but we did not show the results of duck, since the database appeared still immature (data not shown).
Of these ten DEAD box helicases, eight were conserved in chicken and duck, which were DDX1, DDX3, DDX21, DHX36, DDX41, DDX60, IFIH1 and LGP2 (Table 1 , Fig. 1 ). The presence of IFIH1 and LGP2 have been reported in chicken and duck (14) . Chicken lacks the RIG-I gene Ddx58 as reported, whereas duck possesses it (7, 8) , although human and mouse have the loci for Ddx58 and Ifih1, as well as the proteins RIG-I and MDA5. The Ifih1 (MDA5) locus was conserved in duck and chicken, but the Ddx58 locus was not in chicken in accordance with a previous report (7) .
Under the conditions where we reproduce the above-reported results in the genome database, we successfully identified all genes for DDX1, DDX3, DDX21, DHX36, DDX41, DDX60, except for DHX9. DHX33, that links activation of the inflammasome as well as the MAVS pathway, were also conserved ( Table 2) . It is uncertain whether chicken DHX9 is produced as a functional protein since no EST matching the predicted DHX9 exists.
Phylogenetic analysis
DDX proteins are believed to sense viral RNA/DNA: so they are called sensors. In mouse, DDX1, 3, 9, 21, 33, 36 60 and LGP2 bind RNA molecules while DDX9, 36 and 41 bind DNA through their helicase-C domains (1) . One report suggested that RIG-I directly recognized dsDNA (15) . DHX9 encompasses both DNA and RNA recognition (16, 17) . The DExD/H helicase domains are closely related to the reported RIG-I-like receptors (RLRs). Although homology analysis of the DDX/DHX proteins in the databases using the BLASTP program gave top scores to LGP in addition to the DDX proteins, we did not include LGP2 in the phylogenetic tree analysis, because LGP2 lacks the CARD sequence in its N-terminus. As shown in Figure 1 , there formed two distinct domains in the central regions namely DExD/H box domain (DEXDc) and helicase conserved C-terminal domains (HELICc). Apparently, they are highly homologous to each other, compared to those of human's ( Table 2 ). In Table 2 , we added DHX33 as an additional member of the helicase (18), since DHX33 and DHX36 possessed a HA2 domain but other family proteins did not ( Figure 1) . Hence, the phylogenetic analysis predicts that chicken possesses a similar set of DExD/H helicases to human.
Mapping of the DHX9 genes in the chicken chromosome
Notably, DHX9 was absent in the chicken as well as duck genome databases. Other DDX proteins were essentially conserved between chicken and duck ( Figure 2 ). For reference, we searched DHX9 ortholog in other databases of birds. There open 52 species of databases accessible from the NCBI protein database. We found only millard (a kind of goose), little egret, budgerigar, and white-throated sparrow deficient of DHX9 (Supplemental Table 2 ).
To gain an insight into whether the genes surrounding DHX9 are evolutionary conserved, we analyzed the draft genome sequences of human and mouse. The DHX9 locus was identified in the genes of NPL, DHX9, SHCBP1L, LAMC1 and LAMC2 in chromosome 1 in human.
Mouse had the DHX9 locus similar to the human with all surrounding genes, although the surrounding gene loci were inverted in chromosome 1. Thus, the DHX9 gene was mapped on chromosome 1 in human and mouse. By searching the loci of these genes in chicken Blast analysis, we found the loci of NPL, LAMC1 and LAMC2 on chromosome 8, while the SHCBP1L locus was mapped on chromosome 11 in chicken (Figure 3) . No DHX9 locus was identified either on the relevant region of chromosome 8 or 11 (Supplemental Figure 1) . The gene synteny of these genes were well conserved on chromosome 8 in chicken.
Gene syteny around DDX9 in birds.
The fact that DDX9 was absent in duck and chicken suggests that the DDX9 gene may have been lost in some bird lineages. The gene tree of chicken and duck also indicates that DDX proteins from two bird species form similar neighboring each other (Figure 3 ), suggesting they possibly diverged from a common ancestor that was originated from a RIG-I-like molecule in invertebrates or early vertebrates. Whether lacking Dhx9 is accidental or associated with phylogenetic relation in other bird species (Supplemental Table 2 
Functional predictions of chicken RNA sensors
Based on the genomic information, we speculate that chicken has demerit in the two pathways in DNA/RNA sensing by the lack of DHX9 (Figure 4 ). Both chicken and duck undergo this inconvenience and further chicken lacks RIG-I response, thereby being more fragile to some types of virus infections (Figure 4) . In mouse myeloid dendritic cells (DCs), type I IFN and pro-inflammatory cytokine production in response to poly(I:C) was attenuated after knockdown of DHX9 (16), suggesting that DHX9 plays an important role in evoking antiviral immunity. The same would be true in chicken. DHX9 acts as a sensor for RNA to transmit signal to MAVS (16) , and as a sensor for DNA in concert with DHX36 to activate MyD88 (17) . In both cases, type I IFN is induced in human and mouse cells (19) . In contrast, chicken lacks DHX9 that fails to activate DHX9-mediated cytoplasmic RNA and DNA sensing (Figure 4) . In duck, the DHX9 deficiency may not be severe phenotype since both MDA5 and RIG-I could compensate for the function of DHX9, but in chicken the lack of RIG-I and DHX9 more severely affects the protective level of nucleic acid sensors.
Discussion
The RLR family members have recently been reported to play a role in sensing viral nucleotides in mammals (3, 19) . In this report, we investigated by in silico analysis whether the DExD/H-box helicase family genes are conserved in chicken and duck. Of the genes identified in vertebrates, human and mouse, only DHX9 was genetically lost in the chicken according to the database. Since Dhx9 was not found in the current databases in only several species of birds including duck, the DHX9 deficiency may be rare and phylogenetically encompassed in chicken and duck.
DHX9 is a synonym of RNA Helicase A (RHA) or Nuclear DNA Helicase II (NDHII).
They are predominantly localized in the nucleus: only a minute distribution to cytosol (20) and act as a sensor for double-stranded RNA in myeloid cells (16) . DHX9 appears to be positively involved in HIV replication (21) , HCV replication (22) and protection against influenza virus (23) . In myeloid DCs, type I IFN and pro-inflammatory cytokines are produced in response to poly(I:C), and this response is attenuated after knockdown of DHX9 (16) . On the other hand, DDX1, DDX3 and DHX9 are the helicases that are required for viral replication (6) . An individual virus species appears to require multiple different cellular DExD/H-box helicases to facilitate different steps in its replication (6, 24) . This is likely to reflect the fundamental roles of DExD/H-box helicases in cellular and viral gene expression. DHX9 might be involved in virus-mediated induction of cellular immunity in addition to acute cytokine response. DHX9 binds to poly(I:C) through its two N-terminal double-stranded RNA-binding domains apart from the helicase core region. DHX9 interacts with the CARD domain of the adaptor MAVS on mitochondria via its C-terminal region, suggesting that DHX9 delivers activation signal to the RLR pathway. In addition, either RIG-I or MDA5 are required for the response to poly(I:C) in addition to DHX9, depending on the exact properties of the RNA ligand challenged (25) . DHX9 induces IFN-α and TNF-α in response to CpG-B DNA via a MyD88 pathway in plasmacytoid DC (26) . DHX9 is secondarily induced by type I IFN and phosphorylated by the dsRNA-binding kinase PKR (27) , suggesting that DHX9 is differentially involved in innate sensing and response to viral dsRNA. DHX9 is required for HIV replication in the context of PKR-mediated phosphorylation, which decreases its affinity for RNA (27) .
DHX9 is regarded as a transcriptional regulator, which is in accordance with its nuclear localization (28) . DHX9 is enriched in PML nuclear bodies in response to IFN-α stimulation and interacts with mRNA transcripts (29) .
DHX9 also serves as a sensor for CpG DNA in pDCs (26) . CpG-A and CpG-B oligonucleotides (ODNs) induce IFN-α and proinflammatory cytokines through TLR9 in a CpG-A>CpG-B manner (30) . In CpG-ODN sensing, both DHX9 and DHX36 are involved in IFN-α induction (26, 31) . Hence, DHX9 and DHX36 co-operatively act as DNA sensors.
Chicken has an innate host defense system molecularly similar to human (32, 33) , but a small repertoire of toll-like receptors, which covers multiple patterns with fewer members than those of mammals (34, 35) . Here, accumulating evidence suggests that DHX9 is a multifunctional protein in establishing antiviral immunity (6) . Additionally, DHX9 may participate in recognition or replication of many different viruses (6) . Although our in silico study does not predict the functional compensation of DHX9 with other DEAD box proteins, the simultaneous lack of DHX9 and RIG-I may cause high susceptibility of chicken to many viruses compared to mammals (36) . Although eye-drop influenza vaccine was effective in chicken (37), eye-drop adjuvant was practically ineffective to induce activation innate response except inflammasome activation (38) . The chicken innate system appears more defective than those of wild birds against viral infections. Table 1 . Accession numbers and sequence information of chicken and human/mouse DDX/DHX proteins. Table 2 . DHX9 in bird species on the databases.
Supplemental
Ref. Protein name Gene name Accession ligand
pathway output
. DDX helicase family related to IFN-inducible pathway in human Supplemental Figure1 
